Background: Patients following liver transplantation are at risk to develop acute kidney injury (AKI). The aim of our study was to assess risk factors for the development of AKI and the impact of AKI on the outcome of patients after liver transplantation (OLT). Patients and methods: In this retrospective study, we analyzed 149 patients undergoing OLT from 1/2004 to 12/2007. AKI was defined according to the KDIGO definition representing the AKIN and the RIFLE classification, and according to the need for renal replacement therapy (RRT). Results: According to the AKIN criteria alone 14 patients, according to the RIFLE criteria alone no patient and according to both definitions 30 patients developed AKI. RRT was required in 54 patients experiencing AKI, whereas 51 patients did not develop AKI. Pre OLT serum creatinine (SCr) significantly predicted the development of AKI requiring RRT, but not AKI without RRT requirement. Survival rate was significantly inferior after 28 days, one or three years in patients with AKI requiring RRT (70.4, 46.4, 44.4% vs. 100, 92.2, 90.2%, P < 0.001). There was no difference in survival between patients experiencing AKI according to the RIFLE or AKIN criteria without RRT requirement and patients without AKI. Conclusion: Pre OLT renal dysfunction assessed by SCr was the most important risk factor predicting severe forms of AKI, but not milder forms of AKI. AKI requiring RRT had a detrimental impact on patients' survival, whereas milder forms of AKI were not associated with a worse outcome.
Introduction
Patients following orthotopic liver transplantation (OLT) are at major risk to develop acute kidney injury (AKI) [1] [2] [3] [4] . Factors that may contribute to postoperative AKI may be preoperative hepatorenal syndrome, extended cava cross clamping time, perioperative hypotension and massive transfusion [3] . Immunosuppression protocols with delayed use of calcineurin-inhibitor (CNI) seem to be protective against AKI and also prevent chronic renal damage [5] . AKI has been proposed to be a risk factor for morbidity and mortality [6] . The development of AKI has tremendous impact on short-term outcome but also on long-term outcome up to 10 years after the primary insult [7] [8] [9] .
There is an ongoing discussion about the definition of AKI [7, 10] , which resulted in more than 35 different definitions of AKI used in different studies and published in the literature [7] . This heterogeneity of definitions limited comparisons of risk factors and outcomes across study populations. To overcome these flaws, in 2004 the Acute Dialysis Qualitative Initiative (ADQI) group [11] established a general definition of AKI, called the RIFLE criteria. On the basis of glomerula filtration rate, serum-creatinine (SCr), and urine output the ADQI group defined five categories for renal damage. This definition was refined by the Acute Kidney Injury Network (AKIN) group [8] focusing on immediate changes in serum creatinine and urine output. The AKIN group also coined the term acute kidney injury, implicating that not only complete renal failure has an impact on patient's outcome, but also milder renal damage would have an impact on the outcome of the patient. The major difference of the definition of the AKIN group compared with RIFLE was that modest changes in SCr (>0.3 mg/dl) were already considered as AKI. This was done because of the accumulating studies, showing that these modest changes of SCr had a significant impact on mortality [12] [13] [14] . Both definitions have now been extensively validated in different cohorts, showing good discrimination in outcome parameters between the different stages of AKI. Currently, the kidney disease improving global outcome (KDIGO) group revised the RIFLE and AKIN definition [15] . The definition of AKI proposed by the KDIGO group is a synthesis of both definitions. In the present study, we evaluate the impact of AKI, defined by KDIGO representing the RIFLE and the AKIN definition, and the impact of AKI requiring renal replacement therapy (RRT) in patients after liver transplantation. Additionally, we study the risk factors for AKI in this patient cohort.
Patients and methods
This retrospective, single-center, cohort study was approved by the local ethics committee and followed the Declaration of Helsinki. The ethics committee waived informed consent due to retrospective design. All consecutive liver transplant patients between 1/2004 and 12/2007, who were admitted to the surgical intensive care unit (ICU), with and without AKI, were included into the analysis. None of the patients required dialysis treatment before transplantation. Exclusion criteria were pediatric patients (age <18 years) and incomplete patients records. All patients were transplanted using a unique surgical technique with Picky back, without portal-caval shunting. Transplantation was done classical with cava replacement, and a strict anesthetic protocol was followed. Postoperatively, all patients were treated at a single intensive care unit (ICU) with standardized ICU treatment applying standardized care consisting of triple immune suppression (corticosteroids, mycophenolat mofetile and tacrolimus or cyclosporine A) [16] . CRRT was initiated during the course of AKI [8, 11] , if potassium levels increased to ≥ 5.5 mmol/l or patients were significantly volume overloaded. RRT was performed primarily as continuous veno-venous hemodialysis (CVVHD) as previously described [4] . Liver function tests, electrolytes, creatinine, blood urea nitrogen and total calcium were measured at least once daily.
Variables
Several parameters were examined for an association with AKI: Pre and intra OLT factors such as gender, age, height, weight, body mass index (BMI), SCr, bilirubin, INR, cold ischemia time, warm ischemia time and Model End-Stage liver Disease (MELD) score were investigated for association with AKI. MELD score was determined for each patient using the following equation: 10 × [0.967log e (SCr [mg/dl]) + 0.38log e (bilirubin [mg/dl]) + 1.12 log e (INR) + 0.643] [17] . Indications for OLT were recorded. Post OLT complications, within the hospital stay, such as time on respirator and transfusion of red packed cells (RPC) were evaluated. The patient outcomes of days on the ICU and short term (28 days) and long-term (one year and three year) survival were calculated. Survival was determined by calculating the time from OLT-date until death or end of observational period. Finally, the influence of pre and intra OLT factors on patient survival were evaluated including gender, age, height, weight, body mass index (BMI), serum SCr, bilirubin, INR, cold ischemia time, warm ischemia time, MELD score and post OLT complications (as listed above) including AKI and requirement for RRT.
Definition of acute kidney injury (AKI)
For the definition of acute kidney injury SCr criteria of the KDIGO classification were used, representing either the RIFLE or the AKIN classification [8, 11] . According to the KDIGO criteria either a SCr increase of 50% from baseline within one week or a SCr increase of 0.3 mg/dl or greater within 48 h is defined as AKI. The 50% increase was originally derived from the RIFLE classification and will therefore be addressed as RIFLE criteria, whereas the 0.3 mg/dl SCr increase was derived from the AKIN classification and will therefore be addressed as AKIN criteria throughout the manuscript. Some patients fulfill both, AKIN and RIFLE, criteria for AKI. These patients were included into a separate group, whereas patients that fulfilled only either for RIFLE or AKIN were classified separately. Patients expiring AKI requiring RRT (acute renal failure (ARF) literally) were grouped in a forth group and were not included in group 1-3.
Statistical analysis
For continuous variables the standard descriptive statistics (mean, standard deviation, median, quartiles, minimum, maximum) were computed. For categorical variables description was done via counts and percentages. The endpoint AKI was modeled by univariable and multiple binary logistic regression using age, height, weight, body mass index (BMI), SCr, bilirubin, INR, MELD score, warm and cold ischemia time, time on respirator transfusion of RPC and days on the ICU as independent variables. To this end, the AKI-variable was used as binary variable using "No AKI" as reference group and the other groups as event in separate regression models. Furthermore, only independent variables with a P-value below 0.05 were used in the multivariable regressions. In additional regression analyses, the candidate independent variables had to be pre OLT variables to reflect the situation when the outcome of AKI has to be predicted before surgery. To analyze survival, survival rates at 28 days, one year and three years were determined and compared with a global and Bonferroni adjusted pairwise logrank tests for the AKI groups. Survival curves with 95% confidence intervals were generated for the Kaplan-Meier estimates for survival. Crude and adjusted hazard ratios with 95% confidence intervals were computed using univariable and multiple proportional hazards regressions. In additional proportional hazard regressions the candidate independent variables had to be pre OLT, analogue to the binary logistic regressions.
All P-values below 0.05 were regarded significant, if not stated otherwise. All analyses were performed with the statistical software SAS 9.2 (SAS Institute Inc., Cary, North Carolina, U.S.A.). Table 1 . The median ICU stay in all patients was 8 days (range: 1-120 days), and the ventilation time was 88 hours (range: 0-5084 hours). 
Results

Patient population
Incidence of AKI according to the RIFLE and AKIN criteria and requirement for RRT
Patients were classified according to their degree of renal damage. Following OLT 30 (20.1%) patients developed AKI according to the RIFLE and AKIN criteria together. The number of patients who developed AKI according only to the AKIN criteria was 14 (9.4%), whereas no patient developed AKI according to the RIFLE criteria only. The incidence of patients who developed AKI requiring RRT (ARF) was 36.2% (n = 54), with a total incidence for AKI of 65.7%. The demographics of pre-and intra OLT factors and post OLT complications of the patients according to their AKI group are shown in Table 2 . 
Uni-and multivariate analysis of pre and intra OLT factors and post OLT complications for development of AKI
Pre and intraoperative factors and postoperative complications were evaluated for their impact on development of AKI ( Table 3 ). The univariate analysis of the pre and intra OLT factors showed that there was no association with the development of AKI according to the AKIN and RIFLE criteria, whereas a higher MELD score was associated with an increased risk for AKI according to the AKIN criteria only. The preoperative factors MELD, SCr, Bilirubin and INR were highly associated with an increased risk for developing AKI requiring RRT in the univariate analysis (Table  3) . For the post OLT complications, length of ICU stay was associated with the development of AKI regardless of the definition used or the requirement of RRT in the univariate analysis: Patients with a longer ventilation time and a higher amount of RPC transfusion were more likely to have AKI requiring RRT, whereas these parameters were not associated with milder forms of AKI (Table 3) .
Multivariate logistic regression was performed using all factors and complications that were found to be significant (P < 0.05) in the univariate analysis. MELD score was not included in the multivariate analysis, since it is dependent on creatinine, INR and bilirubin (see 'Patients and methods' section). In the multivariate analysis for preoperative factors postoperative complications were not included, because postoperative complications are a consequence of the pre-and intraoperative factors and therefore also dependent on the pre and intra OLT factors. Preoperative SCr was the only factor that was associated with an increased risk for the development of AKI requiring RRT (Table 4 ). In the analysis of the postoperative complications, length of ICU stay was associated with the development of AKI according to the AKIN criteria only and AKI requiring RRT. Patients with a longer ventilation time and a higher amount of RPC transfusion were also more likely to have AKI requiring RRT in the multivariate analysis (Table 4 ).
Patient survival
Survival rates for patients after OLT at 28 days, one year and three years post OLT are illustrated in Table 5 and Figure  1 along with the impact of the degree of renal injury. The overall patient survival of all patients was 87.9% for 28 days 73.8% for one year and 72.5% for three years. Short-term (28 days) and long-term (one year and three year) survival was dramatically reduced by AKI requiring RRT, whereas AKI without RRT had no impact on survival ( Figure 2 and Table 5 ). Univariate Kaplan-Meier analysis was initially carried out to analyze the influence of various factors (listed in the 'Methods' section) on survival and those variables found to be of significance were entered into the multivariate Cox regression model. The results are illustrated in Table 6 . Patients expiring AKI that required RRT had a significant higher risk to die both in the analysis for short-and long-term outcome ( Table 5 and Figure 2 ). Transfusion was also associated with a higher risk of death, but this association vanished in the long-term outcome analysis at three years.
Discussion
The true incidence of postoperative AKI after OLT is not known due to different patient selections, different methods and definitions of AKI. However, the rate seems to be very high [10, 18, 19] . Caebezuelo et al. [20] evaluated the incidence of AKI in liver transplant patients. In their study, the incidence of AKI was reported with 50%. Bilbao et al [19] showed in their series comparable incidence of AKI after OLT (51.1%). In our study the total incidence of AKI was slightly higher (65.8%), probably based on the fact that we used the strict AKIN criteria for the definition of AKI.
In a very recent study Hilmi et al. reported that the incidence of AKI following OLT was 52% [21] . The incidence is comparable with the study of Bilbao and our data. Looking at more sever forms of AKI our data are in contrast with the study of Gonwa et al. [1] , who reported a rate of RRT dependent AKI of 8.3% among patients transplanted between 1985 and 1995, and 12.5% among patients transplanted between 1995 and 1999, whereas the rate in our study was 36.2%. O'Riordan et al. [22] evaluated OLT recipients with AKI defined by RIFLE criteria. In this series the whole number of AKI was 36.8%, and the number of RRT dependent kidney failure was 25.7%, which is closer to our data. The reason for the different incidence of more severe kidney injury may be that O'Riordans and our patients were transplanted later. Unfortunately, the total quality of donor organs has seen a continuous deterioration over the last decades in the Eurotransplant (ET) region [23] . Furthermore, the quality of the transplanted organs assessed by the donor-risk-index (DRI) [24] is significantly worse in the ET region compared with the U.S.A. [25] . This is aggravated by the fact that an increasing number of institutions, including ours had to use lower quality graft in selected patients to overcome the organ shortage [26] . This may lead to a higher incidence of more severe AKI caused by an initially poorer graft function. The second issue that may cause the increased rate of severe AKI in our study may be related to the MELD-based allocation system. Since 12/2006 the allocation of organs in Germany is based on the MELD score [23] . Caused by this allocation modus the MELD at time of transplantation increased from 25 in 1/2007 to 34 in 12/2010. As SCr has an impact on the MELD score (see 'Methods' section), this implies that liver transplantation is performed in patients with a higher degree of kidney damage, which would predispose to a higher incidence of more severe forms of AKI (see below). However, in agreement with all the mentioned studies we confirm that OLT is a high-risk procedure leading to significant renal damage with a high amount of patients progressing to renal failure requiring RRT. Reasons for renal damage after OLT are episodes of hypotension or the use of nephrotoxic antibiotics like aminoglyocosides. These reasons are well documented and studied [22, 27, 28, 29] . Other reasons for renal damage were shown by Hilmi et al. including a body weight > 100 kg, female gender, Child-Pugh score and pre-exsiting diabetes. The fact that increased body weight was associated with increased postoperative kidney failure has already been demonstrated in patients undergoing cardiovascular surgery [23] . Utsimi et al. [24] showed that pre-existing diabetes and MELD score ≥ 20 were risk factors for renal damage after OLT. In our study, a preoperative higher MELD score was also associated with postoperative RRT dependent AKI. However, in contrast with Hilmi et al., body weight was not a risk factor for postoperative AKI, probably because we had fewer patients with a body weight of > 100 kg in our study. There are some reports indicating that pre-OLT renal dysfunction is associated with post-OLT dialysis [30, 31] . We also found that patients with a pre-OLT kidney dysfunction assessed by SCr developed significantly more AKI requiring RRT, but there was no correlation with milder forms of AKI. This is in line with the study of O'Riordan et al. [22] , who found that SCr was associated with severe AKI requiring RRT, but not with milder forms of AKI. Bilbao and colleagues [19] reported that an increased Scr (> 1.5 mg/dl) was highly associated with severe AKI (serum creatinine > 3 mg/dl requiring RRT). It is interesting that pre OLT SCr only predicted more severe forms of AKI and did not predict AKI in general. This is probably related to the fact that SCr as a marker for AKI does not distinguish between functional and structural decline in renal function. The functional decline in renal function commonly encountered in critical care patients (e.g. by volume shifts) may therefore present as milder forms of AKI. This functional decline in renal function does occur regardless of the underlying renal damage before OLT, whereas structural damage of AKI, presented by AKI requiring RRT, is associated with the underlying renal damage before OLT. In summary, pre OLT SCr is the most important risk factor for the development of AKI requiring RRT.
Most studies evaluating AKI in non OLT patients showed a higher mortality rate in patients with AKI and patients with dialysis dependent AKI [32] [33] [34] [35] . We used in our study the KDIGO definition based on the RIFLE and AKIN criteria to reflect the advance in the definition of AKI, but also to compare the present study to other studies, where RIFLE and AKIN criteria were used [22, 36, 37] . Additionally, we could compare both definitions head to head. We supposed that the AKIN criteria would be more relevant for OLT patients, since these criteria appear to be more sensitive to milder forms of renal damage. It is still common practice to assess kidney function with serum creatinine level. Patients with ESLD has lower serum creatinine levels for two reasons:
(i) Less muscle mass and muscle activity and (ii) increased extracellular space, why creatinine appears normal, although it pathological. For that reason, this tight AKI definition appears beneficial for cirrhotic patients.
To our surprise AKI assessed by the AKIN or RIFLE criteria had the same survival rate as patients without AKI and there was no relevant difference between both definitions. However, patients with AKI requiring RRT had significantly reduced survival as opposed to the other groups. This reduced survival rate was still present even at 3 years. There are several attempts to explain why patients with dialysis dependent renal failure have increased mortality, even 3 years after transplantation. It seems that the balance between pro-and anti-inflammation is tilt. Post-ischemic inflammation contributes to tissue damage in AKI although inflammatory processes are involved in kidney repair as well. The outer medulla displays the highest vulnerability toward ischemia-induced damage. Inflammatory processes in this compartment partly result from endothelial up-regulation of certain cell adhesion molecules such as intercellular adhesion molecule 1 and 2 (ICAM-1 and -2), CD99 and proteins of the junctional adhesion molecule family (JAM) [38] . This may be followed by prolonged antiinflammation that ends in immunoparalysis with a risk of superinfection. Additionally, poor liver function may contribute to the high mortality.
O'Riordan et al. [22] evaluated also the 30-day and 1-year survival in OLT patients with AKI. They showed that patients experiencing milder forms of AKI assessed by the RIFLE criteria had no loss in survival, whereas patients experiencing more severe forms of AKI (RRT requirement) had a significant decrease in survival after 30 days and one year. One-year survival in the present study in patients with AKI requiring RRT was very similar to our results (47.5% vs. 46.4%). Another study published by Barri et al. [39] evaluated AKI in OLT patients defined by SCr rise from baseline. In contrast with our study and the study of O'Riordan they showed that even patients with mild AKI (SCr rise of > 0.5 mg/dl) had reduced survival. In a more recent study, where the three different degrees of severity proposed by AKIN were used, a significant reduction in survival was shown, even in patients with stage one AKI after OLT. More severe degrees of renal damage (AKIN 2-3) showed worse outcome [40] . A more recent report dealing with the question, whether milder forms of AKI are associated with poor outcome, was published by Romano and colleagues. In the present study, the authors were not able to demonstrate an association between milder forms of AKI and mortality, whereas more severe forms of AKI with RRT requirement were associated with a worse outcome [41] . To clarify the question whether mild forms of renal damage have an impact on patient survival after OLT, more studies are needed. However, it is unquestionable that severe forms of AKI, especially those that require RRT, have a huge impact on patient survival indicating a clinical distinction between milder and more severe forms of AKI. The dilemma is that we do not have good biomarkers to assess whether a patient will progress to AKI requiring RRT or not. But since this discrimination is so critical, we really need these biomarkers. This could then guide us to determine the optimal time for the start of RRT. Fortunately, some biomarkers are under evaluation that might be of use in this situation even though they were not evaluated in patients after OLT yet [42] .
Because preoperative kidney function plays a crucial role for postoperative kidney failure, the question arises, if those patients would benefit from simultaneous liver-kidney transplantation. Several consensus conferences discussed this issue in order to develop an appropriate algorithm for this setting [43] [44] [45] . Brennan et al. [46] compared the outcome of patients with preoperative renal dysfunction, who underwent liver transplantation alone or simultaneous liver-kidney transplantation. One-year survival in patients with renal dysfunction and liver transplantation alone had worse outcome compared with patients who received combined liver-kidney transplantation (79.6% vs. 91.2%, P = 0.05). However, patients receiving only liver transplantation were sicker than patients receiving combined transplant (MELD: 37.9 vs. 32.7, P = 0.0004). The authors concluded that their own data do not provide evidence to recommend combined liver-kidney transplantation in patients suffering from liver and kidney failure. Another option for these patients would be kidney transplantation 3-6 months after liver transplantation. This would allow time to appreciate the regeneration of the kidney after liver transplantation and decide whether kidney transplantation is still necessary.
In conclusion, pre OLT renal dysfunction assessed by SCr remains the most important risk factor predicting severe forms of AKI that require RRT. However, pre OLT renal dysfunction was not able to predict milder forms of AKI. Our data indicate that AKI requiring RRT is of major clinical significance, affecting ventilation time, requirement of blood transfusion and most importantly patient survival.
